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Given the importance of Phytophthora ramorum from a regulatory standpoint, it is imperative that molecular markers for pathogen detection are fully tested to evaluate their specificity in detection of the pathogen. In an effort to evaluate 11 reported diagnostic techniques, we assembled a standardized DNA library using accessions from the World Phytophthora Genetic Resource Collection for 315 isolates representing 60 described Phytophthora spp. as well as 11 taxonomically unclassified isolates. These were sent blind to collaborators in seven laboratories to evaluate published diagnostic procedures using conventional (based on internal transcribed spacer [ITS] and cytochrome oxidase gene [cox]1 and 2 spacer regions) and real-time polymerase chain reaction (based on ITS and cox1 and 2 spacer regions as well as β-tubulin and elicitin genes). Single-strand conformation polymorphism (SSCP) analysis using an automated sequencer for data collection was also evaluated for identification of all species tested. In general, the procedures worked well, with varying levels of specificity observed among the different techniques. With few exceptions, all assays correctly identified all isolates of P. ramorum and low levels of false positives were observed for the mitochondrial cox spacer markers and most of the real-time assays based on nuclear markers (diagnostic specificity between 96.9 and 100%). The highest level of false positives was obtained with the conventional nested ITS procedure; however, this technique is not stand-alone and is used in conjunction with two other assays for diagnostic purposes. The results indicated that using multiple assays improved the accuracy of the results compared with looking at a single assay alone, in particular when the markers represented different genetic loci. The SSCP procedure accurately identified P. ramorum and was helpful in classification of a number of isolates to a species level. With one exception, all procedures accurately identified P. ramorum in blind evaluations of 60 field samples that included examples of plant infection by 11 other Phytophthora spp. The SSCP analysis identified eight of these species, with three identified to a species group.
In the short time since its initial description in 2002, Phytophthora ramorum has become an important pathogen in North America and Europe. Because of its broad host range, distribution in nursery production systems, and devastating impact on forest ecosystems, there are quarantine restrictions in place to deter its spread into uninfested areas (5, 6, 26) . Although it was initially suggested that California populations may have been introduced from European nurseries, subsequent work confirmed that the populations in the two continents were clonal and distinct from each other (15, 16) . Differences in growth rate and mating type were also observed, with the A2 mating type representing isolates from natural ecosystems and nurseries in North America while those in Europe were the A1 mating type. However, there has been a report of A2 mating types in Belgium and A1 mating types in North American nurseries (3, 11, 15, 35) . Based on microsatellite analysis, a third nuclear lineage of the pathogen also has been reported in North American nurseries (15) A range of methods is currently in use by the regulatory and research communities to detect the pathogen from infected plant material. Although it is possible to culture the organism and positively identify it based on morphological characteristics, problems have been encountered with recovery from specific hosts when samples have not been properly handled when in transit to the lab or when collections are made at certain times of the year (12, 13, 27) . Enzyme-linked immunosorbent assay (ELISA) also has been used as a prescreen for the pathogen in the United States Department of Agriculture (USDA) Animal and Plant Health Inspection Service (APHIS)-approved screening program (32) but the available polyclonal antiserum can cross-react with some Pythium spp. and cannot detect P. ramorum specifically. Several molecular techniques are capable of detection of Phytophthora spp. at a genus level directly from infected plant material using markers developed from the internal transcribed spacer (ITS) region (9) and the cytochrome oxidase gene [cox] 1 and 2 spacer region (25) . Additional techniques for identification of Phytophthora spp. in general also identify P. ramorum; however, the described techniques require pure cultures of the pathogen for DNA extraction. For example, Kong et al. (18, 19) described an approach using a portion of the ITS region of the ribosomal DNA (ITS-rDNA) in single-strand conformation polymorphism (SSCP) analysis while Martin and Tooley (24) reported a polymerase chain reaction (PCR) restriction fragment length polymorphism (RFLP) technique using the mitochondrially encoded cox1 and cox2 gene cluster.
From a diagnostics and regulatory perspective, a more suitable approach would be to employ diagnostic methods that are highly specific and sensitive for the target pathogen that can be used directly on infected plant tissue without the need for culturing. One of the early techniques described and adopted as the standard molecular detection method by the USDA-APHIS-PPQ was a nested amplification in the ITS region of the rDNA by conventional PCR (10, 34) . Another molecular detection system using the same target region designed to detect P. lateralis in a single round of amplification (37) was also found to amplify P. ramorum (34) . This procedure had the added benefit that it is a multiplex amplification with an additional set of primers serving as a positive control to confirm the suitability of the extracted DNA for PCR amplification, thereby safeguarding against the generation of false negative results. Two additional techniques have been described that use the cox genes as target sequences. Kroon et al. (21) described a technique where RFLP analysis of the amplicon from a portion of the cox1 gene differentiates P. ramorum from other species, as well as differentiates European isolates from North American isolates. However, this technique will not differentiate the third nuclear lineage of P. ramorum that was detected in some North American nurseries. A nested PCR approach using the spacer region between the cox1 and cox2 genes and flanking coding regions was developed (25) , with the first-round amplification generating a genus-specific amplicon that is diagnostic for the presence of a Phytophthora spp. and a second-round species-specific amplification for detection of P. ramorum. This technique also includes a plant DNA amplification control in the first round, which serves as an internal control for the quality of the extracted DNA. RFLP analysis of the genus-specific amplicon was recently reported to differentiate the third lineage from North American nurseries (22) .
Several real-time PCR techniques for species-specific detection also have been developed. Hayden et al. (13) reported a nested-PCR detection technique using the same primers as the conventional ITS nested detection method (10) , with the exception that the nested amplification was done using SYBR green. The amplification was also multiplexed with a primer pair that amplified a region of the 28S rDNA from plants to serve as an internal positive control. This technique was recently modified for TaqMan chemistry using the same first-round primer pair but different nested primers for detection of P. ramorum (12) . Likewise, Hughes et al. (14) reported a TaqMan real-time PCR technique based on the ITS region. While using these same primers, Tomlinson et al. (29) compared the TaqMan, Scorpion, and Molecular Beacon detection methods as well as loop-mediated isothermal amplification technique for detection of the pathogen. Tomlinson et al. (30) also describes a modification of the Hughes et al. (14) TaqMan assay suitable for on-site use. More recently, Bilodeau et al. (2) reported on a TaqMan marker system based on the ITS region of the rDNA, the elicitin gene, and the β-tubulin gene, thereby using three different genetic loci to make a diagnosis. These authors also compared the sensitivity of SYBR green, TaqMan, and Molecular Beacon real-time PCR methods for the β-tubulin gene marker. Schena et al. (28) reported a multiplex detection method for P. ramorum, P. kernoviae, P. quercina, and P. citricola based on regions of the ras-related protein (Ypt1) gene. The species-specific detection system for P. ramorum based on the cox1 and cox2 spacer region and the plant positive control also has been adapted for multiplex amplification using TaqMan realtime PCR (31) .
Current USDA-APHIS-PPQ procedures for molecular detection of P. ramorum utilize a combination of three of the abovementioned procedures (34) . The two conventional PCR techniques used are the nested PCR procedure of Garbelotto et al. (10) for detection of P. ramorum and the multiplex amplification for P. lateralis described by Winton and Hanson (37) , which has an additional primer pair for a positive control to confirm the quality of the extracted DNA. More recently, a modification of the Central Science Laboratory (CSL) real-time PCR technique using the ITS region described by Hughes et al. (14) was validated for P. ramorum detection and added to the USDA-APHIS-PPQ confirmation testing protocol (33) . The results of all three of these assays are evaluated before a diagnosis is determined. When an unambiguous diagnosis cannot be made with these combined assays or when samples from new hosts of new areas are being examined, the PCR results are confirmed by DNA sequence analysis.
Given the importance of having a highly specific molecular diagnostic technique, as well as several techniques relying on different genetic regions for running confirmatory diagnostics, the objective of this research was to evaluate a number of the described molecular techniques (2, 12, 14, 25, 31, 37) against a defined panel of Phytophthora spp. to evaluate specificity in side-by-side comparisons and identify the strengths and weakness of each assay. In addition, a modification of the SSCP technique described by Kong et al. (18, 19) , using ABI 3100 and 3130XL fluorescence-based capillary platforms for data collection, was evaluated for its utility as a specific diagnostic for P. ramorum as well as a general diagnostic for Phytophthora spp. Although these marker systems were tested at various levels for specificity in the manuscripts that reported them, the same isolates of Phytophthora were not used among the tests and an evaluation including most of the described species in the genus was not conducted. For this reason, the evaluation reported in this study used a standard library of DNA purified from cultures of Phytophthora spp. representing a broad geographic range for most of the described species. This library was sent blind to all cooperating labs. A second set of DNAs extracted from field samples in which a Phytophthora sp. had been positively identified also were sent blind and assayed by the different techniques.
MATERIALS AND METHODS
Cultures and DNA extraction. Isolates used in this experimentation were from the World Phytophthora Genetic Resource Collection (WPC) at the University of California, Riverside (available online at the University of California) and are listed in Table 1 . In total, 315 isolates representing 60 described species and 11 isolates with ambiguous taxonomic classification were included, as were several Pythium spp. to serve as an outgroup. Isolates with an ambiguous taxonomic classification were included because they represent putative new species for which the taxonomic descriptions are currently in progress; the species names will be updated at the WPC website as they become available. In all, 47 isolates of P. ramorum were included in the evaluations.
All culture work and DNA extraction was done in the lab of M. Coffey at the University of California, Riverside. The majority of cultures were grown on liquid clarified V8 (1:2 dilution) broth (1) at 24°C for 4 to 8 days prior to harvest and the washed mycelium was flash frozen in liquid nitrogen prior to storage at -80°C. Cultures of P. infestans were grown on Rye seed broth (7) at 18°C for 10 to 14 days. DNA was extracted from 100 to 250 mg of tissue using a FastDNA extraction kit and FastPrep FP 120 instrument (Qbiogene, Carlsbad, CA) in conjunction with a FastPrep Cell Disrupter using the manufacturers' recommendations for plant tissues with the following modifications: 1,000 µl of CLS-VF were substituted for 800 µl of CLS-VF and 200 µl of PPS. DNA concentrations were determined spectrophotometrically using either a Beckman DU-64 UV or Nanodrop spectrophotometer (ND-1000; Nanodrop Technologies, Wilmington, DE) and adjusted to 10 ng/µl in low Tris-EDTA (TE) buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). Aliquots were coded and sent blind to all participants (457 samples were sent in six batches). The ITS region and the cox2 gene for all extracts were also amplified and sequenced using previously reported procedures (8, 23) to confirm the identity of the DNA samples. Some samples were sent multiple times; when this was done, they were recoded so that the species identities remained blind to the participants.
Field samples. Samples of DNA extracted from symptomatic plants collected from the field were processed at the California Department of Food and Agriculture (CDFA) using USDA-APHIS-PPQ-approved procedures (32) . Leaf pieces with lesions were cut in half, with one half plated on PARP medium (17) for selective isolation of Phytophthora spp. and the other half tested by ELISA for the presence of Phytophthora spp. The species identification of the cultures that grew out was by sequence analysis of the ITS region using primers ITS1 and ITS4 (36) . For samples in which ELISA was positive but cultures did not grow out, the leaf tissue was resampled for DNA extraction and approved USDA-APHIS-PPQ procedures were used for molecular detection of P. ramorum (34) . To reconfirm the identity of Phytophthora spp. present in the samples sent to the cooperators in this trial, the ITS amplicons used in the SSCP analysis and the Phytophthora genus-specific amplicon of Martin et al. (25) spanning the spacer region between the cox1 and 2 genes were sequenced in both directions using the same primers for sequencing that were used for amplification (18, 25) .
Diagnostics tests evaluated. In total, 11 different diagnostic assays for detection of P. ramorum were evaluated, in most cases in the same labs that developed the technique (Table 2) . Unless otherwise indicated, all procedures followed the protocols previously published. The SSCP technique initially described by Kong et al. (18) was modified for running on an automated DNA sequencer at the USDA Forest Service, Southern Institute of Forest Genetics. Each sample (1 µl) was PCR amplified in replicate using the oomycete-specific primers ITS6 and ITS7 as described in Kong et al. (18) . ITS6 was fluorescently 5′-end labeled with 6-FAM and ITS7 with HEX. A 1:10 dilution of the PCR product was denatured and analyzed using the default criteria specified in the "High Throughput Fluorescent SSCP Analysis User Bulletin" from Applied Biosystems (Foster City, CA) on an ABI3100 (bulletin can be found at Applied Biosystems website). Amplified products from all of the samples were separated on an ABI 3100 genetic analyzer using 5% GeneScan polymer containing 10% glycerol. Amplified products from a subset of samples were also separated on an ABI 3130 XL using 9% CAP polymer containing 10% glycerol. All runs were performed using an oven temperature of 20°C. For both machines and polymer types, ROX500 was used as an internal migration rate standard. To set up a robust migration rate standard for automated scoring, ROX500 peaks that had consistently strong signal strength were identified by examining peak heights across a number of capillaries. Eight consistently strong ROX500 signal peaks were identified using the ABI 3100 and 5% GeneScan polymer, whereas nine were identified using the ABI 3130 XL and 9% CAP polymer. Adjusted scanline values (observed scanline values divided by 10) were assigned to these peaks using the data from a single capillary. Standardized ROX500 values were then used to estimate adjusted scanline values for all 6-FAM and HEX peaks. Adjusted 6-FAM and HEX scanline values were then converted back to approximate scanline values by multiplying by 10. Using these separation protocols, only two main peaks (one 6-FAM and one HEX) were observed for a number of isolates and species in contrast to the typical four-banded pattern previously reported using slab gel systems (18) . For those isolates and species where multiple peaks were observed, only the 6-FAM and HEX peaks with the largest peak height/area under the peak were used for data analyses (i.e., mean tests and unweighted pair group method with arithmetic means). Mean and standard deviation of scanline estimates for each species were dependent upon the number of isolates analyzed per species, with a minimum of two reads per sample.
Whereas the DNA concentration from purified cultures used in most diagnostic assays was 1 µl of the supplied concentration of 10 ng/µl, in several cases it was diluted. For the UCB-nested ITS TaqMan real-time procedure of Hayden et al. (12) done in the Garbelotto lab, the DNA was diluted 1:100,000 before adding 6.25 µl to the first-round amplification (62.5 fg in a 25-µl final volume); for the second amplification, the first round was diluted 1/500 and 5 µl was added to the master mix (final volume of 15 µl). For the three tests performed by the USDA-APHIS-PPQ-NPGBL (Table 2) , the DNA was diluted 1:10 and 6 µl of this was added to the amplification reaction (6 ng DNA in a 25-µl final volume). DNA samples from environmental samples from the field were used at a rate of 1 µl of a 1:10 dilution of the initial DNeasy-extracted DNA in all assays (this is consistent with the approved USDA-APHIS procedure).
Notes on sample scoring. The suitability of the DNA for PCR amplification was demonstrated for all culture-extracted DNA by amplification of two regions used for sequence analysis to confirm isolate identification. The ability to amplify DNA from all field samples was confirmed by amplification of the ITS region in the SSCP analysis and the cox spacer region genus-specific amplicon, both of which were used for sequence analysis to confirm the identity of the Phytophthora sp. present. In addition, the following diagnostic assays also had internal positive controls that were included in all amplifications to ensure the suitability of the DNA for amplification: the USDA-APHIS-approved multiplex amplification for P. lateralis (37) , the UCB-nested ITS TaqMan real-time procedure (12) , and the CSL ITS TaqMan real-time assay of Hughes et al. (14) . Real-time PCR positives for P. ramorum were based on a positive result with a cycle threshold (C t ) cut-off of 40 for the cox spacer region (31), the UCB-nested ITS TaqMan real-time assay of Hayden et al. (12) , and the NRC ITS and β-tubulin TaqMan real-time PCR assays of Bilodeau et al. (2) (the elicitin assay had a C t cutoff of 34). For the CSL ITS TaqMan real-time procedure (14) , PCR positives were scored on a C t cut-off of 36; below 36, they were scored as positive; between 36 and 40 they were scored as a retest (if the tests had been done with plant samples they would have been re-extracted if material was available); and samples giving C t of 40 were scored as PCR negative. For the USDA-APHIS-PPQ-approved molecular diagnostic procedures conducted at the USDA-APHIS-PPQ-NPGBL, conclusions on positive samples were based on the results of the three assays that were performed. A retest of the samples would have been triggered by the sample DNA producing a conventional nested PCR band from at least one of the two tested DNA dilutions (1:10 and 1:100 in double-distilled H 2 O of the provided DNA stock), not producing a Phytophthora multiplex PCR band with the P. lateralis primers of Winton and Hansen (37) , and reacting weakly (C t values >30) or not at all with the USDA-APHIS-PPQapproved modified CSL ITS TaqMan real-time assay. Similar to the CSL scoring noted above, samples with a C t between 36 and 40 would be scored as a retest or the results confirmed with the nested ITS procedure. When the results observed for assays on DNA extracted from symptomatic plant material were ambiguous, the amplicons would be sequenced to confirm correct diagnosis.
Analysis of sensitivity and specificity of the diagnostic procedures. To quantify the accuracy of pathogen detection for the techniques evaluated, the procedures used by Kox et al. (20) were used to calculate diagnostic sensitivity (proportion of true positives correctly identified), diagnostic specificity (proportion of true negatives correctly identified), positive predictive value (PPV) (proportion of samples with positive results correctly identified), and negative predictive value (NPV) (proportion of samples with negative results correctly identified). The calculations for diagnostic specificity and NPV were modified to include samples rated as retest in the denominator because the assay did not conclusively identify these samples as negative.
RESULTS
With the exception of the results presented below, all samples in all diagnostic procedures were positive for detection of P. ramorum and negative for all other species tested. A summary of the test results is presented in Table 3 .
False negatives. In total, 67 samples of P. ramorum were sent out representing 47 isolates from nine locations (Table 1) and, with few exceptions, all were correctly identified ( Table 3) . One of these exceptions was isolate P10303 (=CBS 101330); the CSL ITS TaqMan real-time procedure of Hughes et al. (14) had a false negative one of two times it was run and the UCB-nested ITS TaqMan real-time procedure of Hayden et al. (12) gave a false negative both times the sample was run. Isolate P10318 also gave a false negative with the UCB-nested ITS TaqMan real-time procedure of Hayden et al. (12) one of three times the sample was run, as did the conventional nested PCR cox spacer marker (Table  3) . One possible reason for the false negative one of three times the sample was run for isolate P10318 with the UCB-nested ITS TaqMan real-time procedure of Hayden et al. (12) is that there is an SNP at position 616 in ITS sequence with a C replacing a T. This position is the second base from the 3′ end for primer Pram5 (the forward primer of the nested TaqMan marker of Hayden et al.) (12) and an SNP at this position may affect the ability of the primer to anneal. From reviewing 71 depositions in GenBank, there are four other isolates of P. ramorum recovered from ornamental plants in Spain (EF050515 and EF050516), France (AY845186), and Switzerland (AY833607) that have this same SNP. However, this region appears to be difficult to get a clean sequence from because some of the other accessions were ambiguous for this position.
False positives. Mitochondrial marker: cox spacer region. False positives were obtained with the conventional cox spacer nested PCR technique (25) for two samples: P. porri (one of two isolates) and P. uliginosa (one isolate one of three times the sample was run) (Tables 3 and 4) . When running the cox spacer region real-time PCR marker system of Tooley et al. (31) , false positives were observed with P. arecae (one of two isolates tested), P. porri (one of two isolates), P. quercina (one of five isolates), P. richardiae (one of nine isolates with an atypical amplification curve), P. uliginosa (one isolate two of four times the sample was run), and a Pythium sp. (C t was 39.7). False positives were observed for several other species but the results were not consistent among isolates of the species or the different times the a Diagnostic marker and target locus. ITS = internal transcribed spacer, CSL = Central Science Laboratory, APHIS = Animal and Plant Health Inspection Service, NCR = Natural Resources Canada, UCB = UC Berkeley. b DNA concentrations were provided at 10 ng/µl with the indicated concentrations used in each assay specified. c In this nested real-time polymerase chain reaction (PCR) the first round is conventional PCR amplification followed by real-time PCR. d These are the standard United States Department of Agriculture (USDA)-APHIS-approved molecular diagnostic procedures for detection of P. ramorum. e The procedure was modified as indicted in the text to allow for data collection with an automated sequencer.
isolates that gave false positives were run (for example, P. cryptogea was positive in one of two times the sample was run for 1 of 28 isolates) (Tables 3 and 4 ). All C t were above 34 for the false positives (which is high for 10 ng of DNA), with most above 37, and many exhibited abnormal amplification kinetics.
Real-time PCR nuclear markers of Bilodeau et al. (2) . With the elicitin marker, three false positives were obtained with P. arecae (one of two isolates) with inconsistent amplifications for P. syringae and a Phytophthora sp. (Tables 3 and 4) . With the β-tubulin marker, four false positives were observed with P. hibernalis (one of four isolates), P. palmivora (one of six isolates), and inconsistent amplification one time the assays were run (one of four times two of eight isolates were run) for two isolates of P. syringae. With the ITS marker, five false positives were observed with P. foliorum (one of four isolates), P. hibernalis (one of four isolates), P. pseudosyringae (one of four isolates) and P. uliginosa (one of two isolates). False positives were also observed for a single isolate of P. syringae one of four times the sample was tested. When all three markers were used in combination to make a diagnosis, false positives were only obtained for P. hibernalis (one of four isolates, but the C t values were high) and P. syringae (one of four times the sample was run for one of eight isolates).
CSL ITS TaqMan real-time procedure of Hughes et al. (14) . Using the cut-off values described for this procedure (positive below C t of 36, retest for C t between 36 and 40, and negative above 40), there were no false positives observed (Tables 3 and  4) . Retests were needed for some samples of P. cryptogea, P. drechsleri, P. multivesiculata, P. quercina, a Phytophthora sp., P. syringae, and P. tropicalis, although this was not consistent among isolates of the species or the different times the isolates were run (Table 3) . For these retested samples, all C t were above 36, with most close to 39. Hayden et al. (12) . When amplifications were done with the 1/100,000 dilution of the DNA samples (62.5 fg/amplification for the first round), there were no false positives observed in nested amplifications (Tables 3 and 4) . However, some samples were also tested with a higher DNA concentration (1/100 dilution; 62.5 pg/amplification) and gave false positives for isolates of P. alni, P. cryptogea, P. drechsleri, P. multivesiculata, P. nicotianae, P. quercina, and P. syringae (Table 4) . Not all species or isolates were tested at this higher DNA concentration.
UCB-nested ITS TaqMan real-time procedure of
Approved APHIS diagnostic methods. Samples were run with 6 ng of DNA per amplification.
Conventional nested ITS method (34) . In total, 81 false positives were obtained with 35 Phytophthora and Pythium spp. (Tables 3 and 4) . Although some of these were the closely related species P. foliorum, P. hibernalis, and P. lateralis, additional species that are more phylogenetically distantly related were amplified as well.
Conventional P. lateralis multiplex of Winton and Hansen (34, 37) . False positives were observed with P. foliorum (four of four isolates) and P. hibernalis (four of four isolates). False positives were observed for several other species but the results were not consistent among isolates of the species or the different times these isolates were run. Positive amplifications were observed for P. lateralis (three of three isolates), the species for which the assay was developed.
Modified CSL ITS TaqMan real-time (34) . Using the cut-off values described for this procedure (positive when C t < 36 and retest for C t between 36 and 40), 35 false positives were observed with P. foliorum (all 4 isolates), P. hibernalis (3 of 4 isolates), P. lateralis (2 of 3 isolates), P. porri (1 of 2 isolates), P. pseudosyringae (1 of 4 isolates), P. quercina (1 of 5 isolates), a Phytoph- thora spp.
(1 of 22 isolates), P. uliginosa (both isolates), and Pythium undulata (one of two times the sample was run) (Tables  3 and 4 ). False positive were obtained for several other species but this result was not consistent (for example, P. alni gave a false positive one of four times the assay was run for one of seven isolates). A number of samples had a C t > 36 and < 40, which would trigger a retest if they were environmental samples (Table 4) .
Results from combining the three APHIS-approved diagnostic methods. By combining the results of the three USDA-APHISapproved assays, false positives would have been identified for P. alni (one of four times the sample was run for one of seven isolates), P. foliorum (three of four isolates), P. hibernalis (three of four isolates), P. lateralis (two of three isolates), P. multi-
. Samples rated retest would have been assayed again if they were from plant DNA extractions with the amplicons sequenced if the results were not conclusive.
SSCP analysis. Using the GeneScan polymer or CAP polymer, this procedure correctly identified all P. ramorum isolates and there were no false positives observed (data not shown). Given that unique migration types (MTs) were observed for a number of Phytophthora spp., this technique also provided an approach for identification of many species by means tests and cluster analysis of scanline data (Fig. 1) . Based on the GeneScan polymer data, 
a Samples did not (-) or did (+) amplify. Numbers in parentheses indicated that sample gave the indicated result x of y times (x/y) it was run. ND = not determined.
Numbers in the column for the real-time PCR assays are the C t values. Isolates from Table 1 a DNA concentration of 6 ng/amplification. j Conventional PCR of the ITS region for detection of P. lateralis with a plant-positive control (37) following the approved USDA-APHIS-PPQ procedure (34) tested at a DNA concentration of 6 ng/amplification. Although it was designed for P. lateralis, this technique amplifies P. ramorum as well. for the 306 isolates representing 60 taxonomically classified species, 107 unique MTs were observed. Unique MTs within species were identified by obvious scanline differences (i.e., significantly different means or the presence of more than one unique 6-FAM or HEX peak). Of the 107 MTs, 46 could be unambiguously identified based on the migration rate data for only the largest 6-FAM and HEX peaks observed. Fortunately, the MT observed for P. ramorum was unique and, hence, these isolates could be unambiguously identified from all other isolates and species. Of the 107 MTs, 61 were found to consist of groups of MTs that were indistinguishable based on only the largest 6-FAM and HEX peak data (data not shown). Some of these groupings consisted of more than one MT from within a single species; therefore, the uniqueness of these MTs must be due to the presence of more than one unique 6-FAM or HEX peak. If the presence and migration rate of additional 6-FAM or HEX peaks is taken into consideration, the resolution of the SSCP procedure for identifying unique species and migration types is actually greater than what is presented in Figure 1 .
Results from DNA extracted from infected plants from the field. In total, 60 DNA samples extracted from symptomatic plants recovered from the field and processed at the CDFA lab in Sacramento, CA were tested with the different molecular detection systems (Tables 3 and 5 ). The identification of most of the Phytophthora spp. in each sample was confirmed by sequence analysis of the ITS region used in the described SSCP procedure and the genus-specific amplicon spanning the cox1 and 2 spacer region (25) (data not shown). The exceptions were samples 17, (14), or the assays of Bilodeau et al. (2) when the results of the three tests were combined. However, when looked at individually, the β-tubulin marker had one false positive (the elicitin marker had two species with a C t of 36 and 38, but a cut-off of 34 cycles is currently used for this marker). The UCB-nested ITS TaqMan real-time procedure of Hayden et al. (12) had one false positive for a sample with P. hibernalis. The USDA-APHIS-approved techniques also had several false positives; the conventional nested ITS procedure (10,34) had 9 samples that were not P. ramorum with inconclusive results (primarily P. foliorum and P. hibernalis) whereas, for the conventional multiplexed P. lateralis PCR marker of Winton and Hansen (37) , there were 10 false positives (primarily P. foliorum and P. hibernalis). The USDA-APHIS-PPQ-approved modified CSL ITS TaqMan real-time procedure of Hughes et al. (14, 33) had eight samples with C t values high enough to require a retest and one sample with P. hibernalis that was a false positive. When all three assays were used together to make a diagnosis, six samples (primarily P. foliorum and P. hibernalis) were classified as negative; however, based on the results for some of the assays, the approved USDA-APHIS-PPQ procedures would have required sequencing or additional secondary diagnostics to confirm this assessment.
The results for three samples with P. hibernalis were inconclusive and the approved USDA-APHIS-PPQ procedures would have required sequencing or additional secondary diagnostics to reach a diagnosis. The SSCP analysis correctly identified all P. ramorum samples; however, there was some uncertainty for four of five P. citrophthora samples. In addition to single predominant 6-FAM and HEX peaks, these three samples harbored minor 6-FAM and HEX peaks that were contained within the 95% confidence intervals expected for P. ramorum. Thus, these samples were flagged as being suspect for the pathogen. This technique also correctly identified many of the other Phytophthora spp. that were in the samples to a species level although, for some, this identification was only to the level of a group of possible species. Analysis of sensitivity and specificity of the diagnostic procedures. For culture-extracted DNA, the diagnostic sensitivity (the proportion of true positive correctly identified) was 100% for seven of the assays, 98.5% for two assays (conventional nested cox spacer and CSL ITS TaqMan real time), and 95.5% for the UCB-nested ITS TaqMan real-time assay (Table 3) . Diagnostic specificity (the proportion of true negatives correctly identified) were >95% for all assays except the APHIS-approved conventional nested ITS assay and the modified CSL ITS TaqMan realtime PCR assay (79.2 and 79.7%, respectively). As a reflection of the numbers of false positives, the PPV (proportion of tests with true positives correctly identified) were >93% for all assays except the cox spacer real-time assay (84.8%), APHIS-approved conventional ITS nested (45.3%), P. lateralis conventional (79.8%), and modified CSL ITS TaqMan real-time PCR assay (65.7%). The values for the NPV (proportion of tests where a negative is correctly identified) were all >99.2% except for the two assays where samples were classified as retest (the CSL ITS TaqMan real-time assay was 96.9% while the APHIS-approved modification of this assay was 87.6%).
For the analysis of field samples, the values for diagnostic sensitivity were 100% for all assays except the UCB-nested ITS TaqMan real-time assay, where three of the nine P. ramorum positives were not correctly identified (Table 3) . Values of 100% were observed for diagnostic sensitivity, diagnostic specificity, PPV, and NPV for the conventional nested cox spacer assay, the real-time cox spacer assay, the elicitin and ITS assay of Bilodeau et al. (2) , and the CSL ITS TaqMan real-time procedure. Due to the presence of false positives, the PPV was reduced for the remaining assays; in particular, the APHIS-approved conventional ITS nested assay and the conventional multiplexed P. lateralis PCR marker of Winton and Hansen (37) (50 and 45%, respectively).
DISCUSSION
With two exceptions, all assays correctly identified 47 isolates of P. ramorum collected from the geographic range of this species. The CSL ITS TaqMan real-time ITS procedures of Hughes et al. (14) and UCB-nested ITS TaqMan technique of Hayden et al. (12) were inconsistent in detection of one and two isolates, respectively. The existence of potential false positives was evaluated by blind testing of a standardized library of DNA extracted from pure cultures. The concentration that was tested in all but the UCB-nested ITS TaqMan real-time assay, 6 to 10 ng/µl, was higher than would be encountered in DNA extractions from infected plant tissue and may have triggered false positives in some of the optimized diagnostic assays; however, this level was selected to provide a rigorous test of specificity (primarily for real-time PCR procedures). The fewest false positives were observed with the SSCP analysis, where none were obtained. This was followed by the conventional nested PCR mitochondrial marker spanning the cox 1 and 2 spacer region (25); the β-tubulin, ITS, and elicitin real-time PCR procedures of Bilodeau et al. (2) ; and the real-time PCR cox spacer marker of Tooley et al. (31) . No false positives were obtained for the CSL ITS real-time PCR procedure of Hughes et al. (14) , but there were nine samples with a C t between 36 and 40 that were classified as a retest. The modification of the CSL procedure for the approved USDA-APHIS-PPQ procedure (33) had additional samples that required retesting as well as several false positives, primarily the closely related species P. foliorum, P. hibernalis, and P. lateralis. The USDA-APHIS-PPQ multiplex PCR procedure of Winton and Hansen for P. lateralis (34,37) also had positives for these species, as did the conventional nested ITS procedure (10, 34) . Although no false positives were observed for the UCB-nested ITS TaqMan real-time PCR technique of Hayden et al. (12), at 62.5 fg this assay used a much lower target DNA concentration than the other assays; when 62.5 pg/µl was used for a limited number of species some false positives were encountered.
False positives that vary from run to run could be due to inconsistent amplification of nontarget sequences, cross contamination, or mislabeling of tubes; however, sequencing of amplicons would be needed to confirm which was occurring. Differences in false positives were also observed for the mitochondrial marker systems based on the spacer region between the cox1 and 2 genes for the conventional and real-time PCR techniques even though the P. ramorum-specific primer pair was the same (25, 31) . This is likely due to the greater sensitivity of TaqMan real-time PCR and the high concentration of the target DNA used in this amplification. As noted above, the 6 to 10 ng of template DNA that was used in all but one of the assays is greater than would be encountered in DNA extracted from infected plant tissue. For example, using the cox spacer region TaqMan real-time PCR assay, Tooley et al. (31) obtained C t values of 28 and 40 for DNA extracted from infected rhododendron leaves that corresponded to 21 pg and 13 fg of target DNA, respectively. Using the QuickPick Plant DNA kit from Bio-Nobile, Tomlinson et al. (30) reported that 10 to 100 pg of target DNA was recovered from 15 to 25 mg of symptomatic rhododendron leaf material. From extrapolation of C t values from standard curves for 74 field samples extracted from a variety of hosts following USDA-APHIS-PPQ-approved procedures (32), the USDA-APHIS-PPQ-NPGBL concluded that the mean concentration of P. ramorum DNA was 50 pg/µl and was rarely found at >2 ng/µl or <100 fg/µl (K. Zeller, personal communication). Thus, the large amount of template DNA used in these assays provided a rigorous test of specificity and probably overestimates the number of false positives that would be obtained from field samples. A dilution series of purified DNA for each false-positive testing species should be evaluated to determine the concentration threshold for amplification and then compared with pathogen DNA concentrations commonly encountered in infected tissue.
Rather then rely on a single assay to determine whether P. ramorum was present, two labs used a combination of markers. The advantage of doing this is clearly demonstrated from reviewing the results obtained when using the three USDA-APHIS-PPQ-approved procedures for P. ramorum detection (33, 34) . Use of the conventional nested PCR procedure as a stand-alone procedure resulted in the highest number of false positives of all the assays evaluated, whereas combining this with the other two USDA-APHIS-approved assays (which is the standard practice) reduces false positives primarily to the phylogenetically closely related species P. foliorum, P. hibernalis, and P. lateralis. Using a combination of tests that target different genetic loci further reduced the number of false positives. With the exception of one isolate of P. hibernalis that amplified with the elicitin assay, the combined results of the ITS, β-tubulin, and elicitin markers of Bilodeau et al. (2) did not have false positives. Combining diagnostic assays has the added advantage of reducing both false positive and false negative results. False negative results in diagnostic assays can result in unwanted establishment of an exotic pathogen whereas false positive results can result in unnecessary regulatory action and crop destruction.
Field samples from forest ecosystems and ornamental nurseries were also evaluated in this study, with all nine P. ramorumpositive samples correctly identified in all but one method; the UCB-nested ITS TaqMan real-time assay of Hayden et al. (12) had false negatives for three samples. Interestingly, these samples were positive using the SYBR green assay of Hayden et al. (13) in the same laboratory (M. Garbelotto, unpublished) , which suggests that operator error may be responsible for the results of the TaqMan assay. No false positives were observed with the other techniques, with the exception of the real-time β-tubulin and elicitin markers of Bilodeau et al. (2) , each of which had one false positive but for different samples. When all three markers of Bilodeau et al. (2) were used together, there were no false positives. Likewise, when the three USDA-APHIS-PPQ-approved assays (33, 34) were used together, there were no false positives but three P. hibernalis samples were inconclusive and required additional testing. When the three assays were used individually, several false positives were observed.
Given the quarantine nature of P. ramorum, it is important that the diagnostic methods used for pathogen detection are highly specific. When using culture-purified DNA, the diagnostic sensitivity for the evaluated assays was high (100% for all but three assays, with the UCB-nested ITS TaqMan real-time assay the lowest at 95.5%). Similar results were observed when field samples were the source of template DNA (the diagnostic sensitivity was 100% for all but one of the assays). Because this diagnostic value is a reflection of the proportion of true positives correctly identified by the diagnostic assay, it is desirable to have a value as close to 100% as possible to prevent pathogen movement through false negatives. Diagnostic specificity is also important because it is a measure of true negatives correctly identified by the assay; the higher this value, the fewer false-positive samples are encountered. For culture-extracted DNA, most of the assays had values ranging between 96.9 and 100%, with lower values for the APHIS-approved conventional nested ITS (79.2%) and the modified CSL ITS TaqMan real-time procedures (79.7%); similar 
a Samples did not (-) or did (+) amplify; ± indicates an inconclusive diagnosis, w = weak. Numbers in the column for the real-time PCR assays are the C t values.
For the SSCP, a + indicates a P. ramorum banding pattern. b Phytophthora spp. identification was confirmed by culturing of the pathogen at the time of DNA extraction as well as DNA sequence analysis of the internal transcribed spacer (ITS) amplicon generate in the single-strand conformation polymorphism (SSCP) analysis and the genus-specific amplicon spanning the spacer region between the cox1 and cox2 gene. (34) . i Conventional multiplexed PCR of the ITS region for P. lateralis with a plant positive control (37) following the approved USDA-APHIS-PPQ procedure (34) .
While it was designed for P. lateralis this technique amplifies P. ramorum as well. j Modified CSL real-time PCR of Hughes et al. (14) following the approved USDA-APHIS-PPQ procedure (33) . k Diagnosis: Pos = positive, Neg = negative, and Incon = inconclusive. l SSCP procedure of Kong et al. (18, 19) run on a fluorescent-based capillary DNA sequencer under conditions noted in the Materials and Methods. m Samples inconclusive for P. ramorum using USDA-APHIS procedures would have required sequencing or additional secondary diagnostics to reach a diagnosis. n Only one of two runs had a C t value, which is indicated. o Samples negative for P. ramorum, but APHIS procedures would have required sequencing or additional secondary diagnostics confirm this assessment. p Sample run three times with average C t of 48.7, 43.2, and <60. q Species identification from California Department of Food and Agriculture analysis, but no Phytophthora spp. were detected in SSCP analysis and the Phytophthora genus-specific amplicon of Martin et al. (25) . r Samples were negative with the nested TaqMan procedure but were positive with the nested SYBR green technique (13) .
results were observed when field samples were examined. Whereas both these APHIS-approved assays had false positives (more so with the conventional nested ITS procedure), the relatively high number of samples requiring a retest with the modified CSL ITS TaqMan real-time procedure contributed to the lower diagnostic specificity value. The proportion of samples with positive results that correctly identified the pathogen (PPV) was also high for most assays, with the lowest values observed for the APHIS-approved conventional nested ITS procedure. Finally, the proportion of the negative test results that are correctly identified by the diagnostic assay (NPV) was high for all methods for both purified-culture DNA and field samples. The only exception is for the APHIS-approved modified CSL ITS TaqMan real-time procedure, which was lower due to the number of samples rated as retest.
The diagnostic values for the CSL ITS TaqMan real-time procedure were also examined in Kox et al. (20) in their evaluation of 148 rhododendron field samples. The values they obtained were similar to those observed in this study, with the exception that greater values were obtained in the current study for diagnostic sensitivity (98.5 and 100% for the culture-extracted DNA and field samples, respectively, compared with 83.8%) and NPV (100 and 100% for the culture-extracted DNA and field samples, respectively, compared with 87.9%). The higher percentage of P.
ramorum-positive samples included in their study (42%) may have contributed to these differences. Although the UCB ITS TaqMan real-time procedure was also examined by Kox et al. (20) , it was not the nested procedure that was used in this current investigation (the internal nested primers were used for a single round of amplification).
Comparison of results obtained with the APHIS-approved conventional nested ITS procedure and their modified CSL TaqMan real-time procedure have been reported previously by Bulluck et al. (4) . In the analysis of 300 camellia samples, 34.6% of the samples rated positive using the APHIS-approved conventional nested ITS procedure were negative with the APHIS-approved modified CSL ITS TaqMan real-time assay (both assays were in agreement for the remaining 65.4%). Likewise, there was a greater level of pathogen recovery from tissue for samples rated positive with the APHIS-approved modified CSL ITS TaqMan real-time assay (76.5% of the PCR positives) than the APHISapproved conventional nested ITS procedure (54.2% of the PCR positives). Whether this discrepancy in positive results is due to the greater sensitivity of the conventional ITS nested procedure being able to detect low levels of the pathogen or lesions where the pathogen was no longer viable rather than true false positives is unknown. Differences in results were observed with the CSL ITS TaqMan real-time ITS marker (14) when it was run in the Hughes lab at the CSL compared with the approved USDA-APHIS procedure run at the USDA-APHIS-CPHST-NPGBL; this was likely due to the different forward primer that was used. The published CSL technique used by the Hughes lab (14) uses the forward primer Pram-114Fc while the technique used by the USDA-APHIS-CPHST lab (The USDA-APHIS-PPQ-approved CSL real-time technique) (33) uses Pram-114F. The difference between these primers is the base that is 3 bp from the 3′ end of the primer; Pram-114F is an exact match for P. ramorum sequences whereas Pram-114Fc has a "G" rather than a "T". This base substitution was used to increase specificity of the marker system, reducing the potential for background amplification of P. lateralis (14) ; however, it increased the C t (reduced sensitivity) for P. ramorum detection while it reduced the potential for cross amplification. The USDA-APHIS-PPQ-approved procedure doesn't use this modified primer because a greater emphasis was placed on sensitivity of the assay.
The ITS region is commonly used as a target for diagnostic markers because there is a large amount of sequence data for many species available in GenBank and it is thought to be present in higher copy number than genes associated with housekeeping functions, thereby increasing the sensitivity of the molecular assay. Comparing the results from the three TaqMan real-time PCR assays of Bilodeau et al. (2) provides an opportunity to evaluate what this means from a standpoint of C t values obtained. When DNA from the field samples infected with P. ramorum was amplified in these three assays, the C t values for the ITS and elicitin markers were essentially the same, with both averaging 3.7 cycles less than the β-tubulin marker. Similar results were observed for the C t from purified DNA reported in the initial publication on these marker systems (2) . Attempts to clarify the copy number of elicitin and β-tubulin genes in the P. ramorum genome were inconclusive (G. J. Bilodeau, unpublished) but, given the anticipated copy number of the rDNA repeats relative to housekeeping genes, it is likely that greater amplification efficiency for the elicitin and β-tubulin markers contributed to the similar level of sensitivity. Nonetheless, in this case, the use of these housekeeping genes as a diagnostic marker had either no or limited effect on assay sensitivity compared with the ITS marker.
The above-mentioned molecular detection methods are effective for determining if P. ramorum is present in field samples; unfortunately, this provides just some of the information of interest to a diagnostician (albeit perhaps the most important information from a regulatory standpoint). A more desirable technique would be one that could determine whether a Phytophthora sp. was present and clarify which species, thereby providing additional information about what species may be present in the sample sites under study. The SSCP procedure worked fairly well in this regard, although the need for an automated sequencer to run the samples may impact its adoption. Using DNA from pure cultures, the technique was able to differentiate a number of the Phytophthora spp. that were examined. Of the 107 MTs observed, 46 could be unambiguously identified based solely on the largest 6-FAM and HEX peak data. Although 61 of the 107 MTs were found to consist of groups that were indistinguishable based on this criterion alone, other criteria such as the presence of additional 6-FAM or HEX peaks not included in this analysis may increase the resolution of the SSCP procedure. The utility of the technique for field diagnostics was demonstrated by the correct identification of individual Phytophthora spp. or groups of potential Phytophthora spp. that were present in the field samples. At least for the hosts that were examined in this study, there did not appear to be any background amplification of plant DNA that would complicate data analysis, although this would need to be tested for a wider array of plant species before firm conclusions about specificity could be stated. Likewise, additional validation of the primers against Pythium spp. would be needed before the technique could be used for analysis of belowground plant parts. A major advantage of the procedure used in this submission compared with the initial reports in the literature (18, 19) was the use of a fluorescence-based automated DNA sequencer for data collection, which provides for more accurate determination of migration rates and for standardization across laboratories. It also has the added benefit that, if a five-dye-capable platform is utilized, one color can be used for the internal migration rate standard, two colors for an internal P. ramorum control, and the final two colors for an unknown sample.
Given the importance of correct diagnosis of P. ramorum, the ability to compare different molecular diagnostic techniques using the same target DNA should facilitate efforts to optimize pathogen detection. Although most of the molecular diagnostic methods tested functioned fairly well on an individual basis, the results clearly show the advantage of using the results from several different molecular detection methods; this was especially true when each method examined a different target region of the genome. From a regulatory perspective, it is important that the techniques utilized in diagnostics accurately detect P. ramorum but, from a research standpoint, it would also be useful to be able to identify other Phytophthora spp. that were present in the infected tissue. These data would be useful for clarification of host range and geographic distribution of particular species, as well as potentially identifying introduced or new species.
